To sense the spectrum efficiently in heterogeneous multi-channel and multi-user cognitive network, a parallel cooperative spectrum sensing strategy based on genetic algorithm is proposed. It defines the expression of system utility considering the transmission gain and sensing overhead, and protects the primary user network by introducing the penalty function. To obtain the largest system utility, it uses genetic algorithm to obtain the optimal assignment between multiple channels and multiple secondary users. The simulation results show that the proposed strategy can obtain higher system utility and require less cooperative secondary users than improved iterative Hungarian algorithm based strategy, greedy based strategy and random cooperative sensing strategy.
Introduction
In resent years, wireless services have been growing rapidly, yielding a huge demand on the spectrum resource. However, the spectrum resource is scarce under the current fixed spectrum allocation methodology. To address this problem, Cognitive Radio (CR) has emerged as an effective solution [1] . It allows exploiting the unused spectrum in a dynamical way with minimal interference with the communication of Primary User (PU). Consequently, spectrum sensing is critical for both finding the spectrum holes and protecting the PU networks [2] .
To avoid the effect of the fading and shadowing on single node sensing, cooperative spectrum sensing has been widely used. But in multi-channel scenario, it has to sense channels successively which will produce a lot of sensing overhead. Parallel cooperative spectrum sensing is an effective way to address this issue [3] . In parallel cooperative spectrum sensing, each Secondary User (SU) sense only one channel in a sensing duration. Different SUs sense different channels to obtain the occupation information of multiple channels. So the main design problem is when and which channel each SU should sense, i.e. sensing task assignment. To solve this problem, a cooperative parallel spectrum sensing method based on bipartite graph is proposed in [4] . But in their studies, each channel is only sensed by one SU, which makes the sensing result not reliable due to the shadow and fading of wireless environment. In [5] , they propose a new parallel cooperative spectrum sensing scheme. It determines the optimal number of cooperative SUs to maximize the total throughput, but it can not be used in heterogeneous multi-channel scenario due to not considering the different detection performances of different channels for each SU. In [6] and [7] , Wang Zaili proposes three coordinated spectrum sensing strategies, which are iterative Hungarian algorithm based, iterative Kuhn-Munkres based and greedy based sensing strategy. These works consider the difference of detection performance between different channels and SUs, but they only focus on the detection accuracy, and don't consider the sensing overhead and system utility. Furthermore, due to poor terminal conditions, these strategies require more SUs to cooperative sensing, which will cause more energy consumption and higher false alarm probability. Genetic Algorithm (GA) is an effective way to solve the optimization problem [8] . In [9] and [10] , GA is used in optimal multi-channel spectrum sensing. But they only study the multi-channel spectrum sensing for one SU instead of multiple SUs.
In this paper, we propose a parallel cooperative spectrum sensing strategy based on GA. We defined system utility to measure the sensing overhand and the transmission gain in heterogeneous multi-channel and multi-user scenario. To obtain the largest system utility, GA is used to obtain the optimal assignment between multiple channels and multiple SUs.
System Model
In this paper, we consider a CR network with a centralized network entity such as a Base Station (BS) in infrastructure-based networks. There are N SUs randomly distributing around the BS. The channels which are allowed to be opportunistically accessed are M heterogeneous channels. Each channel has different vacant probability and data rate. We use P on m to denote the vacant probability of channel m, and R ch m to denote the data rate of channel m. The CR network operates on a frame-by-frame basis. In each frame with time duration T , SUs sense the spectrum and transmit data in sensing duration T s and transmission duration T r respectively, satisfying T = T s + T r . Each SU can sense only one channel in T s by energy detection.
Spectrum sensing of each SU can be formularized as two hypotheses when the PU is present or absent, denoted by H 1 and H 0 :
where y(n) denotes the received signal sample sequence, N is the number of samples, x(n) denotes the signal of PU, and ω(n) is the noise, respectively. Denote f s as sampling frequency, and N can be expressed by T s f s .
We consider the complex PSK modulated PU signal and Circularly Symmetric Complex Gaussian (CSCG) noise case. Denote λ as the detection threshold, and σ u as the variance of noise.
According to Liang et al. [11] , the false alarm probability is given by
where erfc(·) denotes complementary error function.
Due to the difference of wireless environments between SUs and the differences of frequencies between channels, the SNR of each SU on each channel may be different. Denote γ mn as the SNR of SU n on channel m. The detection probability of the channel m sensed by SU n can be obtained by
Given a target false alarm probability P f , according Eq.
] M ×N denote the assignment matrix which indicates the assignment between SUs and channels. If channel m is assigned to SU n to be sensed, x mn is set to be 1, and to be 0 otherwise. OR rule is adopted when a channel is sensed by more than one SU. Then, the detection probability of channel m P d ch m (X) and the false alarm probability of channel m P f ch m (X) under the assignment X can be expressed as follows
Problem Formulation of Parallel Cooperative Spectrum Sensing
Spectrum sensing can find vacant channels for transmission, which will produce the transmission gain. We define the transmission gain as the maximum achieved throughput in T r , and denote G m (X) as the transmission gain of channel m under the assignment X. It can be given by
SU can not sense the spectrum and transmit data at the same time, so the sensing overhead O n can be defined as the lost throughput if SU n is assigned to sense channel [5] . Denote R cr n as the data rate of SU n, then O n can be obtained by
If the present PU signal isn't detected by CR network, SU will transmit data on the occupied channel. Due to the interference from the PU signal, the data maybe can't be exactly received by the receiver. Furthermore, it will interfere with the communication of the primary network, which is forbidden according to the design philosophy of CR. To avoid it, we introduce the penalty function adding to the system utility function. The penalty function P m (X) is defined as the throughout transmitted on occupied channel m during T r due to the inaccurate sensing, which can be given by
Finally, the total system utility U (X) can be defined as the difference between the transmission gain and the sensing overhead minus the penalty function, which can be expressed as
where σ is the penalty factor which is used to control the influence of penalty function on the system utility.
To make fully use of the vacant spectrum resource, the false alarm probability of each channel can not be too large. Denote Q f as the requirement of false alarm probability for each channel. According to OR rule, when multiple SUs cooperate to sense a channel, the maximum number of cooperative SUs for a channel is [6] 
where · indicates rounding down.
The problem of parallel cooperative spectrum sensing strategy can be finally formulated as
4 Parallel Cooperative Spectrum Sensing Based on GA
We use GA to solve the problem mentioned in Section 3. Each individual corresponds to an assignment. The fitness function of each individual is defined as total system utility U (X). We find the optimal assignment X through struggle, crossover, mutation and individual modification of GA algorithm.
Encoding
Each individual has a chromosome which indicates the corresponded assignment X between SUs and channels. We adopt direct integer coding method in this paper. The number of genes in a chromosome is same to the number of SUs N . Each gene corresponds to one SU. The value of each gene may set to be an integer ranging from 0 to M which indicates the sensing task assignment. If a gene is set to be 0, it means that the corresponded SU isn't assigned to sense any channel. If set to be other nonzero value l, 1 l M , it indicates that the corresponded SU is assigned to sense the l th channel.
Randomly Generating Individuals
In the process of generating individuals, each gene is set to be an integer from 0 to M . For a certain M , the larger N leads to the lower proportion of cooperation for SUs, so the probability of participating cooperative sensing for each SU should be smaller than that with the smaller N . Therefore, we set the probability of setting to be 0 for each SU to be relevant to the difference between the number of SUs N and the number of channels M . Define P 0 as the probability of setting to be 0 for each gene. It can be express as
According to Eq. (13), P 0 increases with N for certain M . Specifically, when N is equal to M , P 0 is set to be 0, which means that all the SUs are assigned to sense channels. Expect 0, other integers from 1 to M are randomly chosen for each gene with equal probability
Individual Modification
Due to some genetic manipulations, such as randomly generating individuals, mutation and crossover, there may be some individuals of which the number of the cooperative SUs for some channel is larger than N co max . So those individuals need to be modified. We modify the individuals as follows. To the channel which is sensed by more than N co max SUs, we randomly choose the redundant SUs and set the corresponded genes to be 0, which means that those SUs don't sense any channel.
Algorithm Description
The details of the algorithm are as follows:
Step 1 Generation of initial generation: an initial generation consisting of K individuals is generated randomly according the method described in Section 4.2. For the operation in the following steps, K is set to be 4j, where j is a positive integer.
Step 2 Individual modification according the method described in Section 4.3.
Step 3 Calculate the fitness values, and select the fittest individual as the father in Step 6.
Step 4 Struggle for existence: all individuals struggle with the adjacent ones for existence, and generate K 2 winners.
Step 5 Winners crossover: each winner randomly chooses another winner to crossover. Twopoint crossover is adopted. The probability of crossover is P c . The generated K 2 winners directly enter the next generation.
Step 6 Mutation: the fittest individual obtained by Step 3 is chosen as the father of the mutation. The father mutates for K 4 times, and generates K 4 new individuals which enter the next generation. The probability of mutation for each gene is P l .
Step 7 Generating new individuals randomly: to avoid the prematurity of GA, in each generation, new K 4 individuals are generated randomly according the method described in Section 4.2 and added to the next generation.
Step 8 Individual modification of the new generation.
Step 9 Replace the worst individual with the best one in former generation: it can guarantee that the best individual isn't lost in evolutions. Then, a new generation is generated.
Step 10 Stop criteria: if the number of evolutions is equal to the maximum number of evolutions, the evolution terminates. Otherwise, go to Step 3.
Simulation Results
In the simulation, the sensing duration T s and the frame duration T are set to be 5 ms and 200 ms respectively [4, 12] . Identical false alarm probability P f is 0.01. The requirement of false alarm probability for each channel Q f is 0.05. So the maximum number of SUs N co max is 5 according to Eq. (11). The SNR γ mn follows exponential distribution with the mean of −7 dB. The vacant probability of P on m is randomly set from 0 to 1. The data rate of channel R ch m and the data rate of SU R cr n vary randomly between 0.1 and 1 Mbps. The penalty factor σ is set to be 1. The size of generation K is 100. The probability of crossover P c and the probability of mutation P l are set to be 0.8 and 0.1 respectively. All results are got by 1000 Monte Carlo simulations.
The proposed strategy is compared with other three strategies, which are improved iterative Hungarian algorithm based strategy, greedy based strategy and random cooperative sensing strategy. Iterative Hungarian algorithm based strategy is proposed in [6] . It use Hungarian algorithm iteratively to obtain the optimal assignment between SUs and channels. But due to no effective terminal conditions, it assigns too much SUs to cooperatively sense and results in large sensing overhead. So we improve it by introducing a new terminal condition. That is, when its detection probability is more than the required detection probability, the channel will not be assigned to any other SUs. To fairly compare, this terminal condition is also introduced into the other two strategies. Here, we set the required detection probability to be 0.95. In greedy based strategy, each channel iteratively selects the SU which can obtain maximum system utility from the unassigned ones to be sensed until terminal condition satisfied. In random cooperative sensing strategy, each channel randomly selects SU to be sensed. The algorithm will iteratively assign unassigned SUs to channel until the detection probability of the channel satisfies the requirement. Fig. 1 shows the comparison of system utility between the four strategies when the number of SUs N varies from 15 to 60. Set M = 10. It can be seen that the system utility increases with the number of SUs, because better SUs with higher transmission gain and less sensing overhead can be selected to sense channels. Fig. 1 indicates that the proposed strategy can obtain more system utility than other three strategies. In Fig. 2 , we show the numbers of cooperative SUs of the four strategies under different numbers of SUs. We can see that the proposed strategy needs less cooperative SUs to sense the channels than other three strategies, which means that it can save the more energy consumption of SU and decrease the false alarm probability of each channel. Fig. 3 and Fig. 4 show the comparisons of system utility and the numbers of cooperative SUs of the proposed strategy when the penalty factor σ is equal to 0.5, 1 and 1.5. σ is used to control the influence of penalty function on the system utility. Higher σ means that more protection is required for PU. So higher σ requires more cooperative SUs to sense channels and consumes more system utility to protect PU communication as showed in Fig. 3 and Fig. 4 .
Conclusion
In this paper, to obtain the optimal sense strategy in heterogeneous multi-channel and multi-user scenario, a parallel cooperative spectrum sensing strategy based on GA is proposed. It considers the tradeoff between transmission gain and sensing overhead, and introduces the penalty function to protect the PU network. To obtain the largest system utility, GA is used to obtain the optimal assignment. The simulation results show that the proposed strategy can obtain higher system utility and require less cooperative SUs than improved iterative Hungarian algorithm based strategy, greedy based strategy and random cooperative sensing strategy.
